The aryl hydrocarbon receptor (AHR) and AHR nuclear translocator (ARNT) activated complex regulates genes in response to the environmental contaminant 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). AHR has also emerged as a potential therapeutic target for the treatment of human diseases and different cancers, including breast cancer. To better understand AHR and ARNT signaling in breast cancer cells, we used chromatin immunoprecipitation linked to high-throughput sequencing to identify AHR-and ARNT-binding sites across the genome in TCDD-treated MCF-7 cells. We identified 2594 AHR-bound, 1352 ARNT-bound, and 882 AHR/ARNT cobound regions. No significant differences in the genomic distribution of AHR and ARNT were observed. Approximately 60% of the cobound regions contained at least one core an aryl hydrocarbon response element (AHRE), 5′-GCGTG-3′. AHR/ARNT peak density was the highest within 1 kb of transcription start sites (TSS); however, a number of AHR/ARNT cobound regions were located as far as 100 kb from TSS. De novo motif discovery identified a symmetrical variation of the AHRE (5′-GTGCGTG-3′), as well as FOXA1 and SP1 binding motifs. Microarray analysis identified 104 TCDD-responsive genes where 98 genes were upregulated by TCDD. Of the 104 regulated genes, 69 (66.3%) were associated with an AHR-or ARNT-bound region within 100 kb of their TSS. Overall our study identified AHR/ARNT cobound regions across the genome, revealed the importance but not absolute requirement for an AHRE in AHR/ARNT interactions with DNA, and identified a modified AHRE motif, thereby increasing our understanding of AHR/ARNT signaling pathway.
The aryl hydrocarbon receptor (AHR) belongs to the basic helix-loop-helix (bHLH) PER-ARNT-SIM (PAS) family of transcription factors (McIntosh et al., 2010) . Other members of this family include hypoxia-inducible factor 1 alpha (HIF-1α), AHR nuclear translocator (ARNT; HIF-1β), single-minded (SIM), and the AHR repressor (AHRR). The AHR mediates the toxic effects of environmental contaminants, such as 2, 3, 7, . AHR binds and is activated by numerous structurally diverse natural and synthetic chemicals (Denison and Nagy, 2003) . The AHR regulates an array of physiological responses including xenobiotic metabolism, vasculature development, immunosuppression, T-cell differentiation, reproduction, and cell cycle progression (Bock and Köhle, 2006) . AHR has also recently emerged as a potential therapeutic target for immune disorders (Pot, 2012) and for the treatment of different cancers, including breast cancer (Safe and Wormke, 2003) .
In its nonliganded state, the AHR resides in the cytoplasm bound to a chaperone protein complex that includes heat shock protein 90, AHR-interacting protein (AIP), and p23 (Hankinson, 1995) . Once activated by ligand, AHR translocates into the nucleus where it associates with its obligatory heterodimerization partner ARNT. The AHR/ARNT heterodimer binds to its cognate DNA sequence motif, referred to as an aryl hydrocarbon response element (AHRE; 5′-TNGCGTG-3′) with a minimum core sequence of 5′-GCGTG-3′ required for AHR/ARNT binding (Swanson et al., 1995) . Once bound to chromatin, the activated AHR/ARNT heterodimer induces the recruitment of coregulator proteins resulting in changes in target gene expression, including cytochrome P450 1A1 (CYP1A1), CYP1B1, nuclear factor (erythroid-derived 2)-like 2 (NFE2L2; NRF2), and AHRR (Baba et al., 2001; Miao et al., 2005; Whitlock, 1999; Zhang et al., 1998) . Recent chromatin immunoprecipitation assays coupled with high-density microarrays (ChIP-chip) have identified novel genomic sequences bound by AHR, providing new insight into the binding preferences of AHR across the genome (Ahmed et al., 2009; De Abrew et al., 2010; Dere et al., 2011; Lo et al., 2011; Pansoy et al., 2010; Sartor et al., 2009) . However, compared with newer technologies such as chromatin immunoprecipitation coupled with next-generation high-throughput sequencing (ChIP-Seq), tiled array-based approaches have a lower signal-to-noise ratio, exhibit hybridization biases, and are limited to the sequences present on the array (Wold and Myers, 2008) .
ARNT is a class II bHLH PAS transcription factor and the general heterodimerization partner for many bHLH proteins including AHR, hypoxia-inducible factor 1 and 2 (HIF-1α and 2α), and single-minded protein 1 and 2 (SIM1 and 2) (McIntosh et al., 2010) . Conditional knockout of ARNT prevented gene regulation by AHR and HIF-1α, confirming a critical role of ARNT in AHR and HIF-1α signaling (Tomita et al., 2000) . Given the requirement for ARNT in the transactivation of the AHR and HIF-1α, identifying genomic binding sites recognized by both partners of the heterodimerization complex would provide a more accurate definition of the DNA recognition sequences after receptor activation. For example, Schödel et al. (2011) recently reported extensive overlap between HIF-1α and ARNT (referred to as HIF-1β in their study) in 356 distinct genomic regions using ChIP-Seq. The HIF-1α and ARNT cobound regions reported in that study provided new insight into how the HIF-1α/ARNT complex interacts with chromatin and regulates target gene expression across the genome. Despite numerous studies describing the genomic binding patterns of AHR, there have been no reports investigating the overlapping binding profiles of ligand-activated AHR and ARNT (Ahmed et al., 2009; De Abrew et al., 2010; Dere et al., 2011; Lo et al., 2011; Pansoy et al., 2010; Sartor et al., 2009) . The identification of AHR/ARNT cobound genomic sequences would improve our understanding of AHR transactivation and AHR interactions with chromatin and provide a robust data set that can be used to re-evaluate the AHR/ARNT DNA recognition sequence. To this end, we performed ChIP-Seq and mapped AHR and ARNT cobound genomic regions in TCDD-treated MCF-7 human breast cancer cells.
MATERIALS AND METHODS
Chemicals and antibodies. Dimethyl sulfoxide (DMSO) was purchased from Sigma Aldrich (Oakville, ON, Canada), whereas TCDD was purchased from Wellington Laboratories, Inc. (Guelph, ON, Canada). Antibodies against AHR (H-211, sc-5579 Lot no. K1010) and ARNT (H-172, sc-5580, lot no. G3010) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Validation of ARNT-bound regions was performed using an anti-ARNT antibody (NB100-110) from Novus Biologicals (Oakville, ON, Canada). All other reagents used were of the highest quality and scientific standards.
Cell culture. MCF-7 cells were incubated at 37°C and 5% CO 2 and maintained in Dulbecco's modified Eagle's medium (DMEM) 1.0 g/l glucose (Wisent, St-Bruno, QC, Canada) supplemented with 10% fetal bovine serum (Wisent) and 1% penicillin and streptomycin (PEST; Wisent). Cells were plated in phenol red-free DMEM 1.0 g/l glucose supplemented with 2.5% dextran-coated charcoal-treated fetal calf serum and 1% PEST for approximately 72 h before treatment.
ChIP-Seq. MCF-7 cells were plated at a density of 3 million per 10-cm dishes. Conventional ChIP assays were conducted as described previously (Matthews et al., 2007) . Immunoprecipitated DNA was eluted in a final volume of 50 μl, and 20 μl was separated by electrophoresis using a 1.0% agarose gel. DNA fragments in the 200-400 bp range were extracted from the gel using the QIAquick Gel Extraction Kit (Qiagen, MD), eluted in a final volume of 10 μl, and amplified using SeqPlex according to manufacturer's protocol (Sigma Aldrich, St Louis, MO). Library preparation and high-throughput sequencing were performed at BGI (Shenzhen, China). Briefly, isolated DNA was end repaired to create a 3′-dA overhang. Adapters were ligated to the end of DNA fragments. DNA fragments between 100 and 500 bp were selected after PCR amplification and sequenced using the HiSeq2000 (Illumina, Inc., San Diego, CA) for a final sequencing depth of 20 million reads per sample, 50 bp per read. Sequences were aligned to the human genome version 19 (Hg19) using Short Oligo Analysis Package 2.21 (BGI) (Li et al., 2009) . Enriched peaks were normalized and analyzed using the two-sample peak calling function in CisGenome (Ji et al., 2008) by comparing AHR and ARNT against duplicates of nonimmunoreactive IgG. Regions with a minimum length of 100 bp were extended by 150 bp and regions less than 50 bp apart were merged. Confirmation of AHR-bound and ARNT-bound regions was performed on extracts from DMSO or TCDD-treated MCF-7 cells that were immunoprecipitated with normal IgG, anti-AHR antibody (H-211, sc-5579 Lot no. K1010) from Santa Cruz Biotechnology, and anti-ARNT antibody (NB100-110) from Novus Biologicals.
Transcription factor binding site analysis. The presence of an AHRE was determined using a family of matrices for the AHR-ARNT heterodimers and AHR-related factors available at MatInspector (www.genomatix. de). Sequences with a matrix similarity score of at least 0.8 were considered AHRE-containing regions. Over-represented transcription factor binding site analysis was determined using the default parameter in RegionMiner (www. genomatix.de) based on the number of matches in immunoprecipitated DNA compared with the number of expected matches in genomic background. Module families and matrices were considered significant at z-score > 3. To identify transcription factors that might work in concert with AHR to modulate AHR transcription, we also determined the over-representation of transcription factor binding motifs located within 10-50 bp from putative AHREs in the AHR-/ARNT-bound regions. Information on the definitions of the family matrices discussed herein is available on the Genomatix web page (www. genomatix.de). De novo motif discovery was conducted using the Gibbs motif sampler in CisGenome using a mean motif length of 12 bp and a maximum length of 30 bp. Significantly over-represented motifs extracted from Gibbs motif sampler were compared with existing binding motifs from the JASPAR (Wasserman and Sandelin, 2004) and TRANSFAC (Matys et al., 2003) libraries using STAMP (Mahony and Benos, 2007) .
RNA extraction and gene expression microarray analysis. MCF-7 cells were plated at a density of 350,000 per well. Total RNA was extracted using the Aurum Total RNA Mini Kit according to the manufacturer's recommendations (Bio-Rad, Toronto, ON, Canada). RNA was prepared using the Ambion WT kit and hybridized to the Affymetrix Human Exon 1.0 ST array at the Toronto Centre for Applied Genomics (Toronto, ON, Canada). Differentially regulated genes were identified with the Partek Genomics Suite (Partek, Inc., St Louis, MO) using a false detection rate of 5% (FDR5) and an absolute fold change of greater than 1.20 between TCDD-and DMSO-treated samples.
Functional analysis. Canonical and function pathways significantly enriched by TCDD through AHR/ARNT binding were determined using Fisher's exact test with the Ingenuity Pathway Analysis (Ingenuity Systems, Inc., Redwood, CA) software.
Statistical analyses. Statistical analysis was performed using ANOVA with Bonferroni's post hoc test at p < 0.05. The significance values of biological functions/diseases identified in the IPA studies were calculated using the right-tailed Fisher's exact test.
RESULTS

Identification of AHR/ARNT Binding Sites
To identify high-resolution genomic AHR/ARNT binding sites, we performed ChIP-Seq on chromatin isolated from MCF-7 breast cancer cells exposed to 10nM TCDD for 45 min.
The experimental conditions were selected to best represent initial and maximal AHR/ARNT binding events that occurred prior to transcriptional changes in response to TCDD exposure (Pansoy et al., 2010) . The genomic coordinates of AHR-and ARNT-bound regions are provided in Supplementary tables S1 and S2. As expected, TCDD exposure resulted in the enrichment of multiple peaks in the previously characterized AHRE clusters upstream of the bidirectional promoter for the AHR target genes, CYP1A1 and CYP1A2 (Fig. 1) . We identified 2594 AHR-bound region at a false detection rate ~1% (FDR1) and 1352 ARNT-bound regions at FDR5. The FDRs were chosen to yield two data sets of similar size, while at the same time adjusting for differences in antibody specificity and affinity. AHR-and ARNT-bound regions were referred to as AHR number FIG. 1. Distribution of AHR-and ARNT-bound regions around six AHR-regulated genes-CYP1A1, CYP1A2, CYP1B1, AHRR, IGF1R, and NRF2. (A) Six TCDD-responsive genes from our microarray experiments were chosen to represent the distribution of AHR-and ARNT-bound regions around their target genes. In the top track, black blocks represent AHR/ARNT cobound regions identified by ChIP-Seq and were labeled according to their rank numbers in the AHR data set. Shown in the middle track are the coding regions and introns of UCSC genes, which are represented by blocks and connecting lines, respectively. The 5′ and 3′ untranslated regions (UTR) are indicated by thinner blocks, whereas arrows indicate the direction of transcription. In the bottom track, vertical lines indicate putative AHREs identified by MatInspector (Genomatix) at a core similarity of 0.75. AHR/ARNT cobound regions were distributed in both intragenic and intergenic regions across large genomic distances. (B) Confirmation of AHR-and ARNT-bound regions. All regions shown in Figure 1A were confirmed (ANOVA, p < 0.05) for AHR and ARNT recruitment by qPCR. Recruitment levels were shown as fold increase over IgG negative controls from at least two independent experiments and were represented by the color intensity on the heat map. Although some regions displayed constitutive AHR/ARNT occupancy, TCDD significantly increased AHR/ARNT recruitment to all regions.
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and ARNT number , respectively, where the number indicates the relative ranking within the analysis. The average peak lengths were 638 and 560 bp for AHR-and ARNT-bound regions, respectively. Locations of AHR-and ARNT-bound regions were divided into eight categories (intergenic, intragenic, exon, intron, coding DNA sequence [CDS], TSSup1k [1 kb upstream from TSS], TSSup10k, and TSSup100k) based on available RefSeq annotation (Table 1 ). There were no significant differences (Fisher's test, p > 0.05) between the genomic distribution of AHR and ARNT data sets. Peak density (i.e., number of peaks/bp) was highest immediately adjacent to TSS (Figs. 2C and D), and promoter regions (500 bp upstream/100 bp downstream as defined by www.genomatix.de) were enriched by 3.6-fold in the AHR data set and by 3.0-fold in the ARNT data set. In terms of absolute numbers, AHR and ARNT binding sites were distributed such that ~2% of the binding sites were immediately upstream (1 kb), ~10% within 10 kb upstream, and ~50% within 100 kb upstream from TSS. These findings support the notion that similar to members of the nuclear receptor family of transcription factors, AHR can regulate target gene expression through distal cis-acting elements.
AHR/ARNT binding sites were determined by the overlap of AHR-and ARNT-bound regions. Region overlap was determined based on a 100% sequence similarity and between regions that overlapped with > 50% of the width of the smallest region using the ViroBlast web server (Deng et al., 2007) . This resulted in 882 (65% overlap) AHR-/ARNT-bound regions ( Fig. 2 ; the overlap list is provided in Supplementary table S3). AHR/ARNT cobound regions were labeled based on their corresponding rankings in the AHR data set (Supplementary table S1). The average peak height for the AHR/ARNT overlap data set was 153.2, which was significantly higher than those for AHR (93.4) and ARNT (75.5) ( Table 1) .
AHR/ARNT Binding Site Analysis
To evaluate the importance of the AHRE in the recruitment of the AHR complex, we interrogated the AHR, ARNT, and cobound data sets using a family of AHRE position weight matrices (PWMs) available in MatInspector (www.genomatix. de). Approximately 50.5 and 47.9% of the AHR and ARNT data sets contained at least one AHRE, whereas the percentage improved to 60% in the AHR/ARNT overlap data set (Fig. 2B) . These results were in agreement with previous reports showing that the AHRE was the major determinant, but not an absolute prerequisite for AHR/ARNT recruitment (Ahmed et al., 2009; De Abrew et al., 2010; Dere et al., 2011; Lo et al., 2011; Pansoy et al., 2010; Sartor et al., 2009) .
AHR has been reported to interact with an alternate response element termed AHRE-II (5′-CATGnnnnnnC[T/A]TG-3′) (Boutros et al., 2004; Sogawa et al., 2004) . Transcription factor binding sites analysis was performed to determine the number of AHR-/ARNT-bound regions that contained an AHRE-II site. We determined that 116/882 (13.1%) AHR-/ARNT-bound regions contained at least one AHRE-II. Of the 353 AHR-/ARNT-bound regions that did not contain an AHRE core, 38 of them contained an AHRE-II site. However, only one TCDD-regulated gene contained an AHRE-II site without a core AHRE in its upstream regulatory region. These findings confirmed the importance of the AHRE in comparison to the AHRE-II in AHR/ARNT interactions with DNA.
De novo Motif Discovery of a Symmetrical AHRE
To address the possibility of an alternate AHR/ARNT binding motif and to improve the existing AHRE binding motif, which was based on in vitro AHR-DNA interaction and mutation analysis of the CYP1A1 AHRE (Shen and Whitlock, 1992; Swanson et al., 1995) , we did de novo motif discovery on the top 500 regions in AHR-bound, ARNT-bound, and overlap data sets using Gibbs motif sampler in CisGenome. The unsupervised analysis identified the previously reported core AHRE (5′-GCGTG-3′) in all three data sets, but not the extended AHRE (5′-TnGCGTG-3′) (Swanson et al., 1995) (Fig. 3) . PWM indicated a strong preference for a guanine and a thymine flanking the 5′ end of the core AHRE, resulting in an extended and symmetrical motif with the sequence 5′-GTGCGTG-3′ (highlighted in dotted line box in Figure 3A) . De novo motif discovery was repeated using a web-based application W-ChIPMotifs (Jin et al., 2009) , which confirmed the symmetrical motif 5′-GTGCGTG-3′ (data not shown). Our motif matrices from the AHR/ARNT overlap data set were compared with the PWM library from JASPAR and TRANSFAC using STAMP (Fig. 3B) . In addition to the symmetrical AHRE, Gibbs motif sampler identified additional binding motifs that aligned to MA0277.1_AZF1, MA0148.1_FOXA1, and MA0079.2_SP1. 
Transcription Factor Binding Site Enrichment Analysis
To identify transcription factor binding motifs that were over-represented in the AHR-, ARNT-, and cobound regions, we did transcription factor binding site enrichment analysis using RegionMiner (www.genomatix.de; Table 2 ). Complete lists of over-represented transcription factor binding sites in all data sets are provided in Supplementary tables S4, S5, and S6. As expected, RegionMiner detected a significant overrepresentation of AHR_ARNT binding sites in the AHR-bound, the ARNT-bound, and the overlap data sets. Other notable overrepresented binding motifs included early growth response 1 (EGR1), activator protein family (AP1 and AP2), SP1, estrogen receptor (ER), and HIF. The antioxidant response element recognized by NRF2 was also over-represented in all three data sets, which was in agreement with noted interplay between AHR-NRF2 signaling (Yeager et al., 2009) . To identify other transcription factors that might work in concert with AHR to modulate AHR function, we searched the AHR/ARNT regions for enriched transcription factor motifs located within 10-50 bp of AHREs using RegionMiner (Genomatix). This analysis revealed enrichment of AHREs in close proximity to EGR, AP1, homologues of enhancer of split complex, and forkhead box (FKHD), suggesting possible physical interaction or coregulation of target genes between the candidate transcription factors and AHR (Table 3) . A complete list is provided in Supplementary table S7. Interestingly, some module pairings
FIG. 2. Genomic distribution of AHR-and ARNT-bound regions and the percentage of regions containing an AHRE. (A) AHR-and ARNT-bound regions
were defined as either intergenic (exon, intron, and CDS) or intragenic (TSSup1kb, TSSup10kb, and TSSup100kb). There were no significant differences (Fisher's exact test, p > 0.05) between the genomic distribution of AHR and that of ARNT. (B) AHR-and ARNT-bound regions containing at least one AHRE were identified by Genomatix (www.genomatix.de). Of the 882 AHR/ARNT cobound regions, approximately 60% contained at least one AHRE. Distribution of (C) AHRand (D) ARNT-bound regions indicated a binding preference for regions proximal to TSS. Peak density was the highest immediately adjacent to TSS for both AHR and ARNT although the analysis also identified many distal AHR-and ARNT-bound regions.
MAPPING OF AHR AND ARNT BINDING SITES displayed spatial preferences for interaction. For example, the Maf_AP1-related factors (AP1R) binding motif and the ERE were uniformly distributed around an AHRE, whereas the pairing of AHREs and FKHD binding motifs appeared to have a spatial preference of > 25 bp apart in our AHR/ARNT cobound regions.
Confirmation of ChIP-Seq AHR/ARNT Binding Profiles
Using qPCR ChIP AHR/ARNT cobound regions and computationally determined AHREs were plotted using UCSC Genome Browser to investigate the relationship between the presence of an AHRE and AHR/ARNT recruitment to select AHR target genes. CYP1A1 and CYP1A2 are regulated by AHR/ARNT recruitment to their bidirectional promoter (Ueda et al., 2006) (Fig. 1) . In addition to the well-characterized AHRE cluster located approximately 1 kb upstream from CYP1A1 TSS, we observed significant AHR/ARNT recruitment to a region 3′ of CYP1A2 that had been previously reported to be important for the AHR-dependent regulation of CYP1A2 (Okino et al., 2007) . For CYP1B1, we confirmed AHR/ARNT recruitment to a region within 2 kb upstream of the TSS, which represents the proximal promoter (MacPherson and Matthews, 2010) and upstream AHR-rich enhancer (Matthews et al., 2005) . Our analysis also revealed AHR/ARNT binding to two novel regions approximately 15 kb upstream of the TSS (Fig. 1) . All AHR/ARNT cobound regions associated with CYP1A1, CYP1A2, and CYP1B1 contained an AHRE core sequence with the exception of AHR 1578 .
Haarmann-Stemmann et al. identified a functional AHRE ~17 kb downstream of the AHRR TSS between exon 1 and exon 2 using reporter gene assays in HepG2 human hepatoma cells (Haarmann-Stemmann et al., 2007) . We did not detect AHR/ ARNT recruitment to the AHRE-rich sequence between exon 1 and 2. We identified two AHR/ARNT cobound regions in the intronic regions of AHRR, regions AHR 708 and AHR 2445 (Fig. 1) . Neither contained an AHRE core sequence. Interestingly, we also identified an AHRE cluster at approximately chr15: 390,000-395,000 between AHRR exon 5 and 6, but this was not associated with an AHR-/ARNT-bound region.
Three AHREs have been identified in the 2 kb surrounding the murine nrf2 TSS that might be involved in the AHR-dependent regulation of that gene (Miao et al., 2005) . Comparison between the mouse and the human genome revealed at least five potential AHREs in the regulatory region of the human NRF2 (Miao et al., 2005) , but to our knowledge, AHR or ARNT recruitment to these regions has not been experimentally confirmed. We identified and confirmed one AHR-/ARNT-bound region (AHR 638 ) upstream of the NRF2 start codon (Fig. 1) , which contained two AHREs.
FIG. 3. Discovery of novel binding motifs for AHR-and ARNT-bound regions.
De novo motif discovery was performed using Gibbs motif sampler in CisGenome (Ji et al., 2008) . (A) A symmetrical variation (highlighted in dotted box) of the AHRE was identified in all three data sets. Comparison to known STAMP and TRANSFAC motifs identified the AHRE as the most probable candidate binding motif. (B) De novo discovery yielded three motifs in addition to the AHRE. STAMP identified those three motifs to be AZF1, FOXA1, and SP1.
Multiple AHR/ARNT cobound regions were identified and confirmed in the intragenic regions of insulin-like growth factor 1 receptor (IGF1R). IGF1R is an estrogen-responsive gene that was positively regulated after 24 h of 0.1nM TCDD exposure in vivo or in vitro (Tanaka et al., 2007) . The AHR/ARNT cobound regions were AHR 1 , AHR 106 , AHR 230 , AHR 400 , AHR 711 , and AHR 786 . Each of the regions contained at least one AHRE core sequence, with the exception of AHR 786 .
Independent ChIP assays confirmed TCDD-dependent recruitment of AHR and ARNT to all regions (Fig. 1B) . We did not observe any false positives during our qPCR validation of binding sites, consistent with our high stringency cutoffs of FDR1 and FDR5 for AHR and ARNT, respectively. In summary, AHR-/ARNT-bound regions were distributed in intergenic and intragenic regions across large genomic regions. Some AHR-/ARNT-bound regions were associated with a putative AHRE cluster, whereas others were not. These data supported a strong, but not an absolute relationship between AHR/ARNT binding and the presence of an AHRE cluster. They also revealed that AHR/ARNT bound to very small proportion of the computationally predicted AHRE across the genome.
Integration of AHR/ARNT Binding Events With Changes in Gene Expression
We next performed gene expression microarray experiments in MCF-7 exposed to 10nM TCDD for 6 h. The resulting data set was then compared with genes associated with AHR-or ARNT-bound regions. We identified 104 unique differentially regulated genes at cutoff of |fold change (FC)| ≥ 1.2 and FDR5 (the complete list is provided in Supplementary table S8). The primary effect of TCDD on MCF-7 cells was gene activation because the vast majority (98 or 94.2%) of the regulated genes were significantly induced at 6 h. Of the 104 unique differentially regulated genes, 69 (66.3%) were associated with an AHR-or ARNT-bound region within 100 kb of their corresponding TSS (Fig. 4A) . The distribution of AHR-or ARNTbound regions within 100 kb of a TCDD-responsive gene was centered at 2102 bp downstream from TSS (Fig. 4B) . Peak enrichment was located in the proximal promoter area (within 10 kb) although a number of binding sites greater than 10 kb from the TSS of TCDD responsive genes were also present. A list of the 69 TCDD-responsive and AHR/ARNT-bound genes is provided in Table 4 . Of the 69 genes, 59 (85.6%) contained at least one AHRE, representing TCDD-induced, AHRmediated, and AHRE-dependent gene regulation.
Gene Function and Pathway Analysis
Function and pathway analysis was conducted on 69 TCDD-induced AHR or ARNT-bound genes to evaluate the direct impact of AHR activation at the cellular level. Pathway analysis of those 69 bound and regulated genes demonstrated significant changes in the AHR signaling pathway, xenobiotics metabolism by CYP450, xenobiotic metabolism signaling, fatty acid metabolism, and tryptophan metabolism. All of which correlated with the perturbation of cellular functions such as drug metabolism, small molecule biochemistry, nucleic acid metabolism, and lipid metabolism (Table 5 ). This was consistent with our previous genome-wide studies on mouse hepatic tissue Lo et al., 2011) and with the role of AHR as a regulator of xenobiotic metabolism and lipid homeostasis. AHR-ARNT was among the top predicted transcription factors along with AIP, homeobox gene GSX2, and breast cancer 1, early onset (BRCA1).
DISCUSSION
Our laboratory and others have described ligand-activated genomic binding of AHR using promoter-focused and genomic-wide microarrays (Ahmed et al., 2009; De Abrew et al., 2010; Dere et al., 2011; Lo et al., 2011; Pansoy et al., 2010; Sartor et al., 2009) ; however, similar studies have not been described for ARNT. We report here the genome-wide analysis of AHR and ARNT-binding sites in MCF-7 breast cancer cells. Our results reveal a high, albeit lower than expected overlap between AHR-and ARNT-bound regions. The AHRE sequence is over-represented in AHR-/ARNT-bound regions, but only 60% contain at least one AHRE core sequence. These findings support previous studies demonstrating that AHR/ ARNT heterodimer is promiscuous in its binding to DNA and not limited to AHREs (Ahmed et al., 2009; Dere et al., 2011; Lo et al., 2011; Pansoy et al., 2010) . However, across the entire genome only a small proportion of these computationally predicted AHREs are bound by AHR/ARNT. Our analysis also identifies novel AHR-regulated bound regions in the regulatory regions of AHR target genes, including AHRR and NRF2. By integrating our ChIP-Seq data with gene expression microarray data, we provide a list of AHR-/ARNT-bound and TCDD-responsive genes with significant changes occurring in genes involved in lipid metabolism and drug metabolism. Schödel et al. (2011) recently reported genome-wide mapping of HIF-1α and ARNT (referred to as HIF-1β in their study), revealing a ~89% overlap (356/400) between HIF-1α and ARNT-binding sites using a different ARNT antibody, NB100-110 from Novus Biologicals. The degree of overlap between AHR and ARNT in our study is lower (65%; 882/1352) and might be due to differences in antibody affinity as the average peak height for the ARNT data set is significantly lower than that for AHR. Differences in anti-ARNT antibody used might also account for this discrepancy. We are testing this hypothesis by repeating our ChIP-Seq studies with anti-ARNT antibody from Novus Biologicals (NB100-110). Comparison between the HIF-1α-ARNT binding sites reported by Schödel et al. (2011) in hypoxic cells and the AHR-/ARNT-bound regions in our study reveals minimal overlap (data not shown), suggesting that the distribution of ARNT-binding sites is heavily determined by its heterodimerization partner. These findings are also consistent with the fact that AHR and HIF-1α belong to two different molecular pathways with different sets of regulated genes and binding targets.
The lack of complete overlap between AHR-bound and ARNT-bound regions also suggests that both factors might interact independently with DNA. In support of this notion, AHR recruitment to a nonconsensus AHRE in the murine plasminogen activator inhibitor-1 (PAI-1) has been reported to be independent of ARNT (Huang and Elferink, 2012) . PAI-1, however, is not associated with either AHR-or ARNT-bound regions in our present study, consistent with our previous ChIP-chip data in T-47D human breast cancer cells (Ahmed et al., 2009) . This suggests that PAI-1 might not be regulated by AHR in human breast cancer cells, which is not surprising given the well-documented species differences in AHR signaling (Flaveny et al., 2010) . AHR-or ARNT-specific regions present in our data set may be influenced by the statistical cutoffs and the ability of the different antibodies to recognize their targets under our assay conditions, leading to potential false negatives. For example, in many cases AHR-bound regions at FDR1 not bound by ARNT at FDR5 are present in ARNT-bound regions at a more relaxed FDR10. We are currently using zinc-finger nuclease strategies to generate AHR and ARNT knockout cell lines to use as models to identify TCDD-induced and specific AHR-or ARNT-bound sequences and target genes.
In agreement with previous reports, our transcription factor binding site enrichment analysis reveals the overrepresentation of AHRE, ERE, SP1, and ARE motifs in AHR-/ARNT-bound regions (De Abrew et al., 2010; Dere et al., 2011; Lo et al., 2011; Sartor et al., 2009) . Estrogen receptors and SP1 proteins have been previously reported to modulate AHR transactivation mechanisms (Ahmed et al., 2009; Kobayashi et al., 1996) . NRF2, which regulates gene expression in response to oxidative stress through binding to AREs, is an AHR target gene but has also been shown to work in concert with AHR to regulate the expression of numerous genes, including NADPH quinone oxidoreductase 1 (NQO1) (Yeager et al., 2009) . NRF2 knockout prevents AHR-dependent regulation of NQO1 (Yeager et al., 2009) , suggesting that NQO1 is directly regulated by NRF2, with its TCDD-dependent regulation likely a secondary effect of AHR-mediated increase in NRF2 expression (Yeager et al., 2009) . We also report at least one AHR-bound region for NRF2 target genes such as NQO1, GSTP1 and GSTM1-5, supporting a close functional relationship between AHR and NRF2 in the regulation of shared target genes. Although not studied in a recent ChIP_Seq analysis of NRF2 sites in lymphoblastoid cells, transcription factor binding site enrichment analysis of the NRF2 sites reported by Chorley et al. (2012) reveals that the AHRE is significantly overrepresented (data not shown). Taken together, these findings further support the functional interactions between the two transcription factors.
FKHD motifs are enriched adjacent to an AHRE, and a consensus FOXA1 binding motif is generated from our unsupervised de novo motif discovery using a set of AHR-/ARNT-bound regions. FOXA1 is the major determinant for ER binding where knockdown of FOXA1 significantly can reduce ER recruitment at most loci (Hurtado et al., 2011) . We recently reported that FOXA1 is required for AHR-dependent regulation of cyclin G2, but not for CYP1A1, supporting a gene selective role for FOXA1 in AHR transactivation (Ahmed et al., 2012) . The impact of FOXA1 on AHR transactivation at the genome-wide level has not been evaluated.
Our de novo motif analysis identifies a core AHRE, but not the extended AHRE or the AHRE-II. This implies that although AHR interaction with the other two variations of the AHREs is possible under cell type-specific or gene-specific context, the core AHRE remains one of the best predictor for AHR interactions with chromatin. The symmetrical AHRE (5′GTGCGTG3′) we describe is identical to the SIM/ARNT motif and similar to the second ranking AHR/ARNT motif reported by Swanson et al. (1995) . The extended AHRE (5′TNGCGTG3′) is responsible for robust AHR/ARNT recruitment to the AHRE clusters for CYP1A1. However, the more flexible symmetrical AHRE might be a better predictor of AHR/ARNT binding sites throughout the genome.
We report 104 TCDD-responsive genes using microarray gene expression analysis with ~95% of the regulated genes being upregulated with only 66.3% associated with an AHR-or ARNT-bound region. Furthermore, AHR-/ARNT-bound regions identified by ChIP-Seq vastly outnumber TCDD-responsive genes in our expression microarray. These discrepancies between binding events and gene regulation may be due to temporal differences in mRNA expression (Boverhof et al., 2005) , nongenomic effect of AHR activation, or the result of cell typespecific expression patterns through epigenetic modulation that are independent of AHR/ARNT occupancy. It also remains possible that the distal AHR-/ARNT-bound regions might be involved in the regulation of nonprotein coding transcripts, such as nonprotein coding RNA, small nucleolar RNAs, and Nucleic acid metabolism 5.23 × 10 microRNA, that would have been missed by our microarray studies. Future experiments using RNA sequencing will provide valuable information on the bridging of multiple DNA elements with both coding and noncoding transcriptome. AHR/ARNT binds preferentially to proximal promoter regions as peak density was the highest in regions within 1 kb from transcription start sites, indicating that many AHR target genes are directly regulated by AHR binding to the proximal promoter. On the other hand, there are also many AHR/ARNT cobound regions located distal (~100 kb) from annotated transcription start sites (Table 1 ; Figs. 2C and D) . Although more data are needed, our findings suggest that AHR-mediated gene regulation might involve long-range interaction of distal cis-regulatory regions in a mechanism similar to that of nuclear receptors. This is supported by previous studies showing that nuclear receptor binding sites are also distal to regulated genes both in vivo upon acute ligand stimulation (Boergesen et al., 2012; Hewitt et al., 2012) and in vitro (Carroll et al., 2006; Reddy et al., 2009) . Gene regulation by remote cis-acting regions has been experimentally shown to occur through chromatin remodeling, DNA looping (Fullwood et al., 2009) , or even inter-and intrachromosomal interaction (Hu et al., 2008) , making it challenging to correlate DNA interaction with downstream transcriptional outcomes.
Overall, our data are in agreement with previous studies supporting the important role of the AHRE in AHR transactivation. However, the lack of a core AHRE in all of the AHR-bound regions suggests that AHR exhibits more flexible DNA-binding preferences. This is supported by the less stringent symmetrical AHRE motif predicted from our study and the identification of cooperative transcription factors that might mediate indirect AHR-DNA interaction. Our results provide a comprehensive genome-wide AHR/ARNT binding site analysis and a robust data set that can be used to improve predictions for functional AHR/ARNT DNA interaction.
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